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Abstract
To correctly perceive visual directions relative to the head, one needs to compensate for the eyes orientation in the head. In this
study we focus on compensation for the eyes torsion regarding objects that contain the line of sight and objects that do not pass
through the ﬁxation point.
Subjects judged the location of ﬂashed probe points relative to their binocular plane of regard, the mid-sagittal or the transverse
plane of the head, while ﬁxating straight ahead, right upward, or right downward at 30cm distance, to evoke eye torsion according
to Listings law. In addition, we investigated the eﬀects of head-tilt and monocular versus binocular viewing.
Flashed probe points were correctly localized in the plane of regard irrespective of eccentric viewing, head-tilt, and monocular or
binocular vision in nearly all subjects and conditions. Thus, eye torsion that varied by ±9 across these diﬀerent conditions was in
general compensated for. However, the position of probes relative to the midsagittal or the transverse plane, both true head-ﬁxed
planes, was misjudged.
We conclude that judgment of the orientation of the plane of regard, a plane that contains the line of sight, is veridical, indicating
accurate compensation for actual eye torsion. However, when judgment has to be made of a head-ﬁxed plane that is oﬀset with
respect to the line of sight, eye torsion that accompanies that eye orientation appears not to be taken into account correctly.
 2004 Elsevier Ltd. All rights reserved.
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To move an object to a certain position on the face, it
would be very convenient to have the objects position
described in head centric coordinates, the same coordi-
nates as the place it is relocated to. Neurophysiological
studies have identiﬁed brain areas in the monkey con-
taining cells with head centric receptive ﬁelds (Duhamel,
Bremmer, BenHamed, & Graf, 1997). Areas with similar
properties may exist also in human brain (Bremmer
et al., 2001) as revealed by fMRI. According to a widely
accepted view, such a visual head centric representation
arises from a retinal representation of the object, taking0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.09.009
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E-mail address: e.poljac@bio.un.nl (E. Poljac).the eye orientation relative to the head into account. von
Helmholtz (1910) illustrates the use of eye orientation
signals by patients in which certain eye muscles have
suddenly been paralyzed to make the eye powerless to
move any longer in a certain direction. When the patient
tries to turn the eye in that particular direction, the pa-
tient reports apparent motion. Apparently, a shift of the
viewing direction is expected, and since no change has
taken place in the positions of the images on the retina
of the paralyzed eye, the patient gets the impression as
if the objects shared the supposed movements of the
eye. Similarly, eye position is taken into account when
judging slant, for example, James, Whitehead, Humph-
rey, Banks, and Vilis (2001) used prisms to alter the
sensed eye position, which led to changed slant judg-
ments. Thus, slant and location of the object can be rep-
resented relative to the head if the position of the eyes in
486 E. Poljac et al. / Vision Research 45 (2005) 485–496the orbit is available and combined with the retinal
coordinates of the object.
A retinal image depends not only on vertical and hor-
izontal, but also on the torsional component of eye ori-
entation. Fixation of an eccentric direction causes the
eyes to rotate around the lines of sight in accordance
with Listings law (Fetter, Haslwanter, Misslisch, &
Tweed, 1997). This law states that eye torsion depends
on the ﬁxation direction, and speciﬁes the amount of
torsion for a given ﬁxation direction. So, to correctly
transform an eye-centered representation of a visual ob-
ject to a craniotopic representation, the information
about 3D eye position is required (Crawford & Guitton,
1997; Flanders, Tillery, & Soechting, 1992).
From earlier studies we know that the brain accounts
for torsional orientation of the eye (Bockisch & Miller,
1999; Haustein & Mittelstaedt, 1990; Smith & Craw-
ford, 2001). Klier and Crawford (1998) reported high
accuracy of horizontal saccades between pairs of lights
located symmetrically with respect to the midline. The
eye movement started at an eccentric position (tertiary
eye position) at diﬀerent elevations. Because of the eyes
torsion relative to the plane of regard at an elevated
starting position with horizontal eccentricity, the hori-
zontally displaced (i.e. relative to the head) goal of the
impending saccade was not imaged at the horizontal
retinal meridian. The high accuracy of the subjects
movements was in accordance with the reference frame
transformation hypothesis (from eye centered into a
head centered representation), which led the authors to
conclude that brainstem saccade generator must com-
pensate for 3D eye orientation when generating saccades
to make a correct trasformation. Such compensation
needs to occur also for the ocular counterroll that arises
when a head tilt is introduced. This is the consequence
of the fact that as we move, not only our eyes, but the
head also changes orientation constantly. In the same
study (Klier & Crawford, 1998) found only partial com-Fig. 1. Plane of regard, midsagittal plane and transverse plane. The ﬁxation p
plane contains the interocular axis about which the eye can rotate. All poin
vertical plane positioned perpendicular to the interocular axis and intersecti
plane and containing the interocular axis, lies the transverse plane of the hepensation when radial saccades had to be made from
counterrolled positions. Medendorp, Smith, Tweed,
and Crawford (2002) asked subjects to make saccades
to targets after head or eye rotations to tertiary posi-
tions, and they were surprisingly accurate. This is an
indication of compensation for the torsional oﬀset at
the start of the movement.
The saccade-studies we mention here tested motor
function. However, perception might have diﬀerent
neuronal processes that are underlying the process of
compensation for eye torsion. Evidence for perceptual
compensation for torsion comes from studies of percep-
tion of the vertical during head or body tilt. Subjects
that were asked to set two illuminated points orthogonal
to the mid-sagittal plane of their heads, with head and
body upright or tilted 90 to the right or to the left,
can do so, albeit with a limited accuracy (Haustein,
1992). The magnitude of the error suggests at least a
partial compensation for ocular counterroll (error only
3.8) rather than a pure retino-centric judgement (error
13.2), which implicates that their judgement was not so-
lely based on retinal information.
We wondered if perceptual compensation for torsion
occurs also for judgements with respect to the plane of
regard, a plane deﬁned by the ﬁxation point and the pro-
jection centers of the eyes (Fig. 1). Helmholtz torsion is
very conveniently deﬁned relative to the plane of regard.
It speciﬁes the angle between the plane through the hor-
izontal retinal meridian and the plane of regard. Thus if
both eyes have the same Helmholtz torsion, any object
in the plane of regard will have the same torsional eccen-
tricity in the two eyes. In this paper we refer by eye tor-
sion to Helmholtz torsion unless explicitly mentioned.
Fixating a tertiary position has the consequence that
the horizontal meridia of the eyes rotate out of the plane
of regard. They do so by an equal amount for the two
eyes when targets are at optimal inﬁnity (original List-
ings law). This holds also for nearby targets, accordingoint and the rotation centers of the eyes deﬁne the plane of regard. This
ts inside the plane have the midsagittal elevation plane is deﬁned as a
ng that axis half way between the eyes. Orthogonal to the midsagittal
ad at eye level.
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2000; Minken, Gielen, & van Gisbergen, 1995; van Rijn
& van den Berg, 1993; Tweed, 1997), although this may
vary across individuals (Bruno & van den Berg, 1997).
We did not measure eye torsion in our subjects but as-
sumed that their eyes obeyed the extensions of Listings
law for eye vergence. Basically, this means that Helm-
holtz torsion does not change with respect to viewing
at inﬁnity by eye vergence, because the eyes vergence
is due to rotation about the eye perpendicular to the
plane of regard. Does such eye torsion cause errors of
perceived direction of the objects in the plane of regard?
We also wondered if binocular vision aﬀects the
localization?
In addition, we take the analysis one step further. The
plane of regard contains per deﬁnition the lines of sight
and consequently the ﬁxation point. To accommodate
Listings law, a displacement of the eye (e.g. a saccade)
involves a component of eye torsion that depends both
on the initial and the ﬁnal viewing direction (half-angle
rule, Tweed & Vilis, 1990). To judge the position of ob-
jects relative to a plane that does not pass through the
ﬁxation direction, such as the mid-sagittal or the trans-
versal planes of the head, the judgement could rely on
the retinal image that these planes would have as seen
from reference viewing direction (e.g. eyes straight
ahead). A compensation for eye torsion would then be
needed that depends on the current and the reference
viewing direction. This task would be solved by a system
that provides a head centric visual representation for
any viewing direction. Our question is then for this task,
whether compensation for eye torsion is as accurate as
when the plane of regard must be identiﬁed? So, our
study would be a test between judging positions relative
to horizontal and vertical planes that do or do not pass
through the ﬁxation point.2. Materials and methods
2.1. Subjects
Six subjects participated in the study. Four of them
took part in all experimental conditions. One subject
(EP) was aware of the experimental design and purpose
of the study, the rest of the participants were naive. This
study has been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki.
Participation was voluntary and all the subjects gave
their informed consent prior to their inclusion into the
study.
2.2. Apparatus
Experimental stimuli were generated by a Macintosh
G4 computer with a Graphics acceleration board (For-mac Proformance III) and presented on a computer
monitor (Sony 19’’ FD Trinitron CRT). The subjects
were seated at approximately 30cm in front of the mon-
itor, with their head stabilized by a dental bite-board
mounted on the table, in complete darkness. They
looked through a red ﬁlter with their left eye and a green
ﬁlter with their right eye. In this way each eye could be
stimulated independently, as red and green images were
used. Each image was presented as seen from that eyes
perspective, which enabled presenting a 3D scene in ster-
eoscopic perspective. A camera-based measurement of
the eyes pupil orientation was used to make sure that
ocular ﬁxation criteria were met during the experiments
(SMI EyeLink-inc Teltow, Germany). Precise location
of each subjects eyes relative to the monitors center
was determined by a triangulation procedure (van den
Berg, 1996) before the experiment started. The head
was oriented straight ahead, the interocular axis was
positioned in the horizontal plane, and the eyes had
nearly the same distance to the monitor. The exact posi-
tion and orientation of the plane of regard could be
determined using the measured position of the eyes
rotation centers and the position of the ﬁxation point.
The ﬁxation points were stereo images presented at the
monitor distance and consequently, the images for the
left and the right eye had same position on the screen.
The probe stimuli were also stereo images of single
points presented at the Vieth-Muller circle that passes
through the ﬁxation point and the nodal points of the
eyes. For points on the Vieth-Muller circle the horizon-
tal disparity is zero. Because the dichoptic image was al-
ways presented on the monitor, a defocus of about 0.2
dioptre would occur. This blur is likely too small to
cause any signiﬁcant localization error. All the dots
had a diameter of 0.1.
2.3. Procedure
The experiment was performed in total darkness. The
subjects had no visual reference whatsoever during the
trials. We explained the concept of the plane of regard
to the subjects. All angular measures in the sequel refer
to Helmholtz angles, i.e. elevation denotes the rotation
about the interocular axis and azimuth rotation about
the axis perpendicular to the plane of regard. Subjects
judged elevation of ﬂashed probe points relative to their
plane of regard while ﬁxating straight ahead, 30 right
downward (elevation 30 down, azimuth 30 to the
right) or 30 right upward (elevation 30 up, azimuth
30 to the right) relative to their straight ahead. Straight
ahead was deﬁned as the direction perpendicular to the
interocular axis in the horizontal plane, and intersecting
that axis half way between the eyes (i.e. at the cyclopean
eye). We used a ﬂat screen so the distance of the ﬁxation
point straight ahead and the two eccentric ﬁxations was
not the same. Consequently the angles of convergence
488 E. Poljac et al. / Vision Research 45 (2005) 485–496diﬀered slightly. To give an example, for subject EP the
convergence angle was 13 and 9.7, for the straight-
ahead and the eccentric conditions respectively. Each
experimental condition, ﬁxating straight ahead, right
down or right up, consisted of 175 trials. Probe azimuth
ranged from 20 to 20 relative to ﬁxation direction.
The probes elevation varied between 2 under and 2
above the plane of regard. The probe position in any
trial was a randomly chosen combination of azimuth
(5 positions) and elevation (5 positions). Each combina-
tion was repeated seven times. Each trial started with a
ﬁxation point, presented for 0.75s. 500 ms after it disap-
peared, the probe point was ﬂashed (300 ms) on the
screen. When the probe disappeared, the subjects indi-
cated whether they had seen the probe above or under
their plane of regard. The same ﬁxation direction had
to be maintained during the whole trial until the sub-
jects response. Then, the next trial started. When the
eye orientation deviated more then 0.5 from that orien-
tation before the ﬁxation point disappeared, the trial
was rejected and repeated. A Mathematica program
used the Marquardt-Levenberg method to ﬁnd the best
ﬁtting cumulative Gaussian (error function). The hori-
zontal position of the 50% point determined the point
of subjective equality, and the SD was derived from
the slope of the curve.Fig. 2. Torsion angles in Helmholtz coordinates at diﬀerent ﬁxation direction
with diﬀerent ﬁxation directions. Eye torsion, the rotation of the eyes around
of torsion is dependent on vertical and horizontal eye orientation in the head,
torsion according to the extension of Listings law to near vision (Minken
involves opposite rotations for the two eyes about an axis perpendicular to2.4. Experiment 1. Binocular estimation of the orienta-
tion of the plane of regard
The subjects performed the task described above.
When they ﬁxated straight ahead, the projection of their
plane of regard on the retina was aligned with the hori-
zontal retinal meridian. Therefore, the estimation of the
probe position based on retinal representation would
lead to the same result as judging the probes relative
to the plane of regard, as estimation relative to retinal
meridian is the same as estimation relative to the plane
of regard in this case. In contrast, when the eyes ﬁxated
one of the two eccentric ﬁxations, conjugate eye torsion
occurs in accordance with Listings law, and the orienta-
tion of the horizontal meridian varies dependent on the
ﬁxation direction (Fig. 2). Consequently, if subjects were
to identify the plane of regard with their horizontal reti-
nal meridian, systematic errors should occur. If the sub-
ject is ﬁxating 30 right up, for instance, the horizontal
retinal meridia rotate 8.9 counterclockwise relative to
the plane of regard. A probe point presented on 20
azimuth relative to ﬁxation direction and 1 under the
plane of regard would be estimated as ‘‘above’’, if the
judgment is based on retinal representation. A head cen-
tric judgment, on he other hand, would lead to a correct
localization of target probes.s. The orientations of horizontal and vertical retinal meridia associated
the lines of sight, causes the meridia to change orientation. The amount
and is described by Listings law. Eye vergence does not alter Helmholtz
et al., 1995; Tweed, 1997; van Rijn & van den Berg, 1993) because it
the plane of regard.
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tion of the plane of regard with head tilt
In Experiment 1 the subjects were seated upright and
looked to the monitor in the frontal plane. Therefore,
their plane of regard intersected the image plane of the
monitor in such a way that this intersection line was par-
allel to the external horizon. Although the subjects had
no visual reference, we wanted to exclude the possibility
that their judgment of the probe position relied on some
kind of allocentric representation, like an internal refer-
ence of the horizon. We adjusted the experimental setup
so that the subjects head was tilted 20 to the left or 20
to the right. By deﬁnition, the plane of regard also chan-
ged its orientation, dependent on the condition, 20 to
the left or to the right, rotating around straight ahead
axis of the cyclopean eye. The stimuli were presented
on the same positions relative to the plane of regard as
in the ﬁrst experiment, taking the new orientation of
the plane of regard into account. The task the subjects
performed was, similar to Experiment 1, to estimate
the probe points positions relative to their plane of re-
gard, while ﬁxating, in this case only, straight ahead.
When we tilt the head the plane of regard, by deﬁnition,
follows the changes in head orientation. The head-tilt
evokes compensatory eye-torsion. Schworm, Ygge, Pan-
sell, and Lennerstrand (2002) showed that the gain of
this counterroll, calculated as a ratio between the ampli-
tude of counterroll and the amount of head tilt, ranged
between 18% and 27% at 15 head tilt. The magnitude of
the compensatory torsion (cycloversion) ranged between
2.6 and 4.1 at 15 head tilt, and between 5.1 and 6.4
at 30 head tilt. Other studies also show that the com-
pensatory torsion is about 10% of the head tilt (Colle-
wijn, van der Steen, Ferman, & Jansen, 1985), or
about 2 in our setup.
2.6. Experiment 3. Monocular estimation of the orien-
tation of the plane of regard
According to Mayhew and Longuet-Higgins (1982)
vertical disparities of non-meridional image points are
crucial for the correct computation of the three- dimen-
sional structure of a visual scene. The ﬁxation point and
the ﬂashed probe point provide minimal information in
this respect, yet, when a stimulus is presented monocu-
larly the disparity information is not available at all. Is
binocular presentation essential for correct estimation
of probe positions relative to the plane of regard? We re-
peated conditions of Experiment 1 and Experiment 2,
this time presenting stimuli to the left eye only. The posi-
tion of both eyes was measured before each experiment,
in order to determine the orientation of the plane of re-
gard. The subjects were ﬁrst instructed to estimate the
elevation of the ﬂashed probes relative to their plane
of regard, while ﬁxating straight ahead, 30 right down-ward or 30 right upward. Subsequently, they judged the
probes positions with their head tilted 20 to the left or
to the right.
2.7. Experiment 4. Binocular estimation of the orientation
of the midsagittal plane and transverse plane of the head
The plane of regard is not a head-ﬁxed plane, as it can
rotate around the interocular axis, and consequently
change its orientation relative to the head. It seemed
interesting to examine how accurate the subjects would
be in estimating the probe position relative to a true
head-ﬁxed plane, the task that requires a compensation
for torsion to make a correct head centric judgment. We
investigated the perception of midsagittal plane, which is
deﬁned as a vertical plane positioned perpendicular to
the interocular axis and intersecting that axis half way
between the eyes (Fig. 1). First, comparable to Experi-
ment 1, we instructed the subjects to estimate the
remembered position of the ﬂashed probes relative to
their midsagittal plane, while ﬁxating straight ahead,
30 right downward or 30 right upward. The two eccen-
tric ﬁxation directions were of particular interest. Here,
the actual eye torsion of the ﬁxation directions that fol-
lows from Listings law is not the same as the torsion
associated with the eye oriented in the direction of the
midsagittal plane. If the relation between the gaze and
the amount of torsion is ﬁxed, as Listings law states,
then provided that the motor system yields the correct
gaze direction, the ocular torsion may also be deduced
from the gaze direction commands (Haustein & Mittels-
taedt, 1990). Eye torsion may be accessible for a given
ﬁxation direction (actual torsion) but no such account
for associated torsion change may be available until an
eye displacement is made. Thus we wondered if the vis-
ual system can compensate for the torsion associated
with the change in eye orientation (torsion coupled to
a planned eye orientation)? Probe elevation ranged from
20 downwards to 20 upwards relative to straight-
ahead direction. For the most eccentric probes this
would mean that the retinally based judgment would
lead to estimation errors in the range of 2. The probes
azimuth varied between 4 left and 4 right relative to
the midsagittal plane. In addition, the relative position
of the ﬂashed probes was judged with the head tilted
20 to the left or to the right, similar to Experiment 2,
in this case only for the ﬁxation straight ahead.
In a separate experiment we repeated the same proce-
dure used for midsagittal plane, this time instructing the
subjects to estimate the position of probes relative to the
second true head-ﬁxed plane examined, their transverse
plane of the head, which is deﬁned as a horizontal plane
containing the interocular axis (Fig. 1). Probe azimuth
ranged from 20 to 20 relative to straight-ahead direc-
tion. The probes elevation varied between 4 under and
4 above the horizontal plane.
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3.1. Experiment 1. Binocular estimation of the orienta-
tion of the plane of regard
Subjects estimated the elevation of ﬂashed probes rel-
ative to the plane of regard while ﬁxating straight ahead,
right down, or right up. We investigated if judgment is
biased towards the location of the horizontal retinal
meridian. For instance, for the conditions 30 right
downward or 30 right upward, the expected bias would
be about 2, for azimuth 20, if the judgment of probe
position is based on the horizontal retinal meridian.
Fig. 3 shows the average performance across six subjects
for the three experimental conditions. Statistical analysis
(ANOVA) revealed no signiﬁcant eﬀect of the ﬁxation
direction (p = 0.85; F(2,75) = 0.17), nor the probe azi-
muth (p = 0.69; F(4,75) = 0.56). Estimation bias was be-
low 0.5 and did not deviate signiﬁcantly from zero,
irrespective of the probe azimuth relative to ﬁxation
direction. Accordingly, the perceived elevation of eccen-
tric probes was not biased towards the location of the
horizontal retinal meridian (Fig. 3, dashed line). De-
tailed analysis of individual performance revealed anFig. 3. Binocular viewing. Average performance across six subjects does n
estimation of probe position is accurate, the errors ranging below 0.5. The pe
(dashed lines).
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Fig. 4. Binocular viewing, subject AN. Clear match between the retinal pred
subject AN. This pattern of estimation suggests the use of a retinal represeninteraction eﬀect of ﬁxation direction and probe azimuth
in one subject (subject AN, Fig. 4). Here, we observe
that the retinal prediction and the actual perceived ori-
entation of the plane of regard match closely.
3.2. Experiment 2. Binocular estimation of the orienta-
tion of the plane of regard with head tilt
Similar to the Experiment 1, subjects were asked to
estimate elevation of ﬂashed targets relative to their
plane of regard, while ﬁxating, in this case only, straight
ahead. The plane of regard had diﬀerent orientations in
space because of the head tilt. As can be seen in Fig. 5,
the perceived plane of regard was tilted by as much
as the head tilt. ANOVA showed no signiﬁcant eﬀect of
the head tilt (p = 0.74; F(1,40) = 0.12) or probe azimuth
(p = 0.93; F(4,40) = 0.22). Moreover, the estimation pat-
tern is very similar to the condition without head tilt.
3.3. Experiment 3. Monocular estimation of the orienta-
tion of the plane of regard
We repeated conditions of the experiments 1 en 2 pre-
senting the stimuli only to the left eye. First, subjectsot vary signiﬁcantly between the three experimental conditions. The
rceived position was not biased towards the horizontal retinal meridian
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perceived plane of regard was tilted by as much as the head tilt. The
estimation was as accurate as in the condition without head tilt.
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Fig. 7. Monocular tilt. Average performance across subjects did not
diﬀer between the three conditions. However, for a number of probe
positions, probe azimuth relative to ﬁxation direction seemed to aﬀect
the performance, so that biases in estimation signiﬁcantly larger than
zero could be observed.
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relative to the plane of regard while ﬁxating straight
ahead, right down, or right up. Statistical analysis (AN-
OVA) shows a systematic eﬀect of the azimuth (p < 0.01;
F(4,45) = 8.52). When we look closely at the ﬁxation
directions used (Fig. 6), we see that straight ahead con-
dition shows an systematic eﬀect of the probe azimuth
(p < 0.01; F(4,15) = 18.64) and causes the overall eﬀect,
whereas the results for eccentric ﬁxation do not reveal
this eﬀect. Fig. 6 shows that the retinal prediction
(dashed lines) and the subjects perception of the plane
of regard do not correspond in this case, which is true
for all subjects.
Subjects also estimated the position of ﬂashed probes
monocularly with their head tilted 20 to the left or to
the right, while looking only with their left eye. Head tilt
had no eﬀect on the performance (ANOVA: F(1,30) =
1.66; p = 0.21). Azimuth of the probe relative to the ﬁx-
ation direction, however, appears to have a small eﬀect
on performance (p = 0.0027; F(4,30) = 5.19), at least
for a number of probe positions (Fig. 7).
On average, subjects are equally accurate (similar
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F(4,15) = 18.64) of the probe position is present.plane of regard orientation (Fig. 8) in monocular and
binocular condition.
3.4. Experiment 4. Binocular estimation of the orienta-
tion of the midsagittal plane and the transverse plane
First, subjects estimated the remembered position of
the ﬂashed probes relative to their midsagittal plane,
while ﬁxating straight ahead, right down or right up.
A signiﬁcant eﬀect of the ﬁxation direction occurred
(p < 0.01; F(2,45) = 22.90), as well as an interaction ef-
fect between probe azimuth and ﬁxation (p < 0.01;
F(8,45) = 7.42). When ﬁxating straight ahead, subjects
estimate the probes very accurately, the estimation bias
being smaller than 0.5. Systematic errors are made
when subjects ﬁxate one of our eccentric ﬁxation posi-
tions. For the two eccentric ﬁxation directions (Fig. 9),
the larger the elevation diﬀerence between the probe
and the ﬁxation, up or down, the larger the estimation
bias. The judgment corresponds to the retinal
prediction.
Second, the relative position of the ﬂashed probes
was judged with the head tilted 20 to the left or to
the right, similar to the Experiment 2, for ﬁxation-20 -10 0 10 20
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Fig. 8. Monocular and binocular stimulation compared. The graphs
review the data of binocular and monocular stimuli presentation. Each
point represents a mean perceptual bias of one subject for certain
combination of (a) ﬁxation direction and probe azimuth or (b) tilt
condition and probe azimuth, in monocular and binocular condition.
In neither condition there is a correlation between monocular and
binocular performance. This relation is retained also if the ﬁxation
directions (right-down, straight or right-up) or tilt sides (left or right)
are looked at separately.
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Fig. 9. Estimation of the Midsagittal plane: eccentric ﬁxations. The plot show
relative to the midsagittal plane was dependent on ﬁxation direction, and i
eccentric ﬁxation directions holds that larger elevation diﬀerence between the
The direction of the bias was opposite to the ﬁxation direction. There is a c
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performance of our subjects. As shown in Fig. 10, com-
pared to performance when sitting right up and ﬁxating
straight ahead without the head tilt, subjects do not
make larger errors. ANOVA shows no eﬀect of head tilt
(p = 0.97; F(8,45) = 0.29).
Finally, subjects estimated the remembered position
of the ﬂashed probes relative to their transverse plane,
while ﬁxating right down or right up. In Fig. 11 the pat-
tern of errors is shown for this task. A signiﬁcant eﬀect
of the ﬁxation direction occurred (p < 0.01; F(1,20) =
8.3) and there is also an interaction eﬀect betweenn Error (deg)
42
right
420-2-4
Straight Right Up
s the average data across six subjects. The estimation of probe position
naccurate for eccentric ﬁxations (right down and right up). For both
probe and the ﬁxation, up or down, results in a larger estimation bias.
orrespondence with the retinal prediction (dashed lines).
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Fig. 10. Estimation of the Midsagittal plane: head tilt. The tilt
conditions of monocular stimulation are very similar to the condition
right up. The bias in perceived position of the probes relative to the
plane is not signiﬁcantly diﬀerent from zero. The average data of six
subjects is plotted.
-20 -10 0 10 20
left
Probe Azimuth Relative to Straight Ahead (deg)
RightUp
RightDown
Fixation direction:
error bars  => 1SE
-20 -10 0 10 20
right
-4
-3
-2
-1
0
1
2
3
4up
Es
tim
at
io
n 
Er
ro
r (
de
g)
binocular all subjects binocular subject EP
Fig. 11. Estimation of the Transverse plane: eccentric ﬁxations. The ﬁxation direction had a signiﬁcant eﬀect on the performance (p < 0.01;
F(1,20) = 8.3). ANOVA also shows an interaction eﬀect between azimuth and ﬁxation (p < 0.01; F(4,20) = 3.6). A diﬀerent pattern was observed in
subject EP. The ﬁxation direction had also in this case a signiﬁcant eﬀect on the performance, but the perceived transverse plane was rotated in the
opposite direction compared to the other subjects.
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subject (EP) we found the pattern of errors dissimilar
to the pattern observed in other subjects, but here too,
the ﬁxation direction had a signiﬁcant eﬀect on the per-
formance, although to a smaller extent. This might be
due to a practice-eﬀect, as this subject being the author,
tested the setup frequently.4. Discussion
When we ﬁxate an object straight ahead, the horizon-
tal meridia of the eyes are aligned and so is the projec-
tion of the plane of regard on the retinae. If the eyes
change torsional orientation, as when looking in a terti-
ary eccentric direction, the horizontal meridia rotate out
of the plane of regard. We found that ocular torsion did
not cause mislocalisation of the plane of regard for bin-
ocular or monocular condition. Although eye torsion
(Helmholtz) varies by ±9 across diﬀerent ﬁxation direc-
tions in our experiments, the perceived elevation of
eccentric probes is not biased towards the location of
the horizontal retinal meridian. This leads us to con-
clude that the judgment of the probe positions with re-
spect to the plane of regard does not solely rely on the
retinal representation as such. Some kind of mechanism
is involved that integrates the retinal representation and
the eye orientation signal to compensate for the torsion.
Similar conclusions come from a number of perceptual
(Haustein, 1992; Haustein & Mittelstaedt, 1990) and
motor studies (Bockisch & Miller, 1999; Klier & Craw-
ford, 1998; Medendorp et al., 2002; Smith & Crawford,
2001).
As we move, not only our eyes, but the head also
changes orientation constantly. By deﬁnition, the plane
of regard follows the alterations in head orientation.The head-tilt also evokes compensatory eye-torsion in
the direction opposite to the head rotation. Several stud-
ies showed that the gain of this counterroll, calculated as
a ratio between the amplitude of counterroll and the
amount of head tilt, is around 10% (Collewijn et al.,
1985; Schworm et al., 2002). If the judgment would be
solely based on retinal information, this cycloversion
would lead to a bias of the perceived plane of regard
position in our head tilt conditions up to 2, which did
not occur. The results of Experiment 2 show that the
perceived plane of regard remains veridical. It was tilted
by as much as the head tilt which conﬁrms the conclu-
sion that the judgment of head centric visual orienta-
tions does not entirely rely on retinal information, but
that there is an active mechanism that compensates for
eye counterroll (Haustein, 1992; Haustein & Mittels-
taedt, 1990; Medendorp et al., 2002; Nakayama & Bal-
liet, 1977).
In the upright position, the horizontal meridia coin-
cide with the visual horizon and the projection of the
plane of regard on the retinae. So, one can argue that
in this condition the subjects might use the internal rep-
resentation of the visual horizon, an allocentric repre-
sentation, to judge the probe positions. The absence of
bias in the head tilt conditions rules out that option.
Our results support the notion that the subjects report
a head centric rather than an allocentric percept.
Under normal circumstances, human subjects are
able to localize an objects horizontal location with re-
spect to the median plane with considerable accuracy
and precision (Li, Dallal, & Matin, 2001). The median
plane coincides with the sagittal plane when eyes are ori-
ented straight ahead. Eye shift to an eccentric ﬁxation
causes the projection of the sagittal plane to change ori-
entation on the retina. Since the midsagittal plane is a
true head-ﬁxed plane, estimating the position of probes
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Fig. 12. Non-orthogonality of the perceived orientations of the head-
ﬁxed planes. For the ﬁxation 30 right and down subjects perceive the
mid-sagittal plane (MP) as slightly rotated in counter-clockwise
direction, while in the perceived transversal plane (TP) we see a small
but signiﬁcant clockwise rotation. Consequently, the perceived planes
are not orthogonal relative to each other. The diﬀerent error patterns
are not consistent with judgments based on single back-rotation
towards the primary position, as this would result in errors that are
identical for perceived orientation of mid-sagittal and transverse plane,
and therefore the perceived planes would be orthogonal relative to
each other.
up
straight forward
axes of rotation:
transversal plane
mid-sagittal plane
Fig. 13. Fits to the data to ﬁnd the axis of rotation. The rotation axes
that would carry the vertical retinal meridian into the mid-sagittal
plane and the horizontal retinal meridian into the transversal plane, by
a single rotation, have been calculated from the data of four subjects.
Figure shows a scatter plot of these rotation axes in a head-centric
frame. Axes for two ﬁxation directions (right-up and right-down) and
two judgments, mid- sagittal (black lines) and transversal (gray lines)
are plotted together. For all mid-sagittal plane judgments, the axes
cluster along the head-centric vertical, whereas the transverse plane
judgments cluster along the head-centric horizontal axis. Arrows
represent the head orientation.
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orientation, if a correct head centric representation is
built, and the same applies to our second head-ﬁxed
plane, the transverse plane. This is not what we found
in our experiment. When subjects ﬁxated 30 right
down, the perceived midsagittal plane was slightly ro-
tated in a counterclockwise direction, from the subjects
point of view (Fig. 9). For the same ﬁxation a clockwise
bias was found when the subjects had to judge the orien-
tation of the transverse plane (Fig. 11).
The opposite occurred when the subjects ﬁxated 30
right up. Now, clockwise bias was found for judgment
of the mid-sagittal plane and counter-clockwise for
judgment of the transverse plane. How could our ﬁnd-
ings be explained?
It seems reasonable to assume that visual judgment of
the midsagittal plane is based on activation of the vertical
retinal meridian when the cyclopean eye looks straight
ahead. We took for the ‘‘torsion’’ of the cyclopean eye
the average Helmholtz torsion of left and right eye while
ﬁxating the ﬁxation point right-up or right-down. These
torsions are described by the extension of Listings law to
the domain of near vision (Minken et al., 1995; van Rijn
& van den Berg, 1993; Tweed, 1997).
When the eye is positioned in some tertiary position,
one could imagine that the brain uses the actual eﬀer-
ence copy signals to rotate the local sign (as Helmholtz
would call it) of the vertical retinal meridian and use that
rotated vertical meridian as a representation of the
judged mid-sagittal plane. To relate the horizontal reti-
nal meridian to the judged transverse plane one cannot
assume that the same transformation was used by the
brain, however. This holds because the judged trans-
verse and the judged mid-sagittal planes are not perpen-
dicular to one another (Fig. 12) as the vertical and the
horizontal meridia are, despite the same eye ﬁxation.
Hence the transformations must have been diﬀerent
because of the diﬀerent judgments.
We quantiﬁed the diﬀerence between the transforma-
tions by ﬁnding the single rotation that would carry the
vertical retinal meridian into the judged mid-sagittal
plane and the single rotation that would carry the hori-
zontal meridian into the transverse plane. Fig. 13 shows
a scatter plot of these rotation axes in a headcentric
frame, for four4 subjects, two ﬁxation positions (right-
up and right-down) and two judgments (mid-sagittal
and transversal).
Clearly, for all mid-sagittal plane judgments, the axes
cluster along the head-centric vertical, whereas the
transverse plane judgments cluster along the head-cen-
tric horizontal axis. This result suggests that subjects
used a minimal transformation strategy to judge the
orientations of head-ﬁxed planes. Subjects reduce the
transformation to a rotation in one dimension (horizon-
tal or vertical), compared to a pure transformation to
head-centric coordinates, that would involve all threecomponents of rotation (head-centric horizontal, verti-
cal and torsional) for right-up and right-down viewing.
Although the data are very close to a head centric
judgment, there still seem to be a retinal contribution
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reference is in agreement with the open-loop pointing
studies to the remembered straight ahead targets that
lie in the midsagittal plane at the same elevation as the
eyes (Henriques, Klier, Smith, Lowy, & Crawford,
1998). The visual targets for pointing are, as those stud-
ies reveal, represented in retinocentric frame and
dependent on eye orientation. Although the visual judg-
ment of straight ahead targets at the same elevation is
accurate (Poljac & van den Berg, 2003) and in disagree-
ment with the erroneous pointing data, the misjudg-
ments of targets positions in the midsagittal plane that
are not at the same elevation as the eyes, as in our terti-
ary ﬁxation directions, are consistent with the inaccurate
pointing.
Of course, a number of other possible sources of er-
rors in our data can be identiﬁed, such as random ﬂuc-
tuations of cyclotorsion (Enright, 1990), large individual
diﬀerences, (Bruno & van den Berg, 1997), vergence-
dependent torsion (Minken et al., 1995; Mok et al.,
1992; van Rijn & van den Berg, 1993), accommodation
inaccuracies (Bruno & van den Berg, 1997; Kapoula
et al., 1999).
Further, we found that binocular vision is not
required to accurately judge the targets in the plane of
regard. The subjects were accurate in estimating the
probe positions, despite the monocular stimulation
and absence of binocular cues. In their model, Mayhew
and Longuet-Higgins (1982) propose that the pattern of
retinal binocular disparities could be used to determine
the three-dimensional structure of space from a retinal
image alone, without supplementary information de-
rived from non-visual sources, such as eye movement
control and proprioception mechanisms. The horizontal
disparities between a pair of retinal images by itself sup-
ply insuﬃcient information, but supplemented by the
vertical disparities of non-meridional image points the
three-dimensional structure of a visual scene can be
computed (Mayhew & Longuet-Higgins, 1982).
Banks, Backus, and Banks (2002), in contrast with
the Longuet-Higgins model, suggest that vertical dis-
parity is not always used for representation of space.
They found that when stimuli are presented without or
with a very small vertical disparity, perceived azimuth
relied on the retinal eccentricity of the image and felt
eye position. This is consistent with our ﬁnding that
even in the absence of disparity information, such as
in monocular stimulation, subjects are able to judge
the position of objects in space relative to the plane of
regard. Vertical disparities were not available in our
experiment. Eye elevation, an extraretinal cue, could
be utilized to estimate the probe position. The perceived
drift of after-images in the dark when the subjects make
an eye movement testiﬁes to the use of horizontal and
vertical eye signals for direction perception. Even when
stimuli are viewed monocularly vertical gaze angle isused (Carey, Dijkerman, & Milner, 1998) to judge dis-
tance, for instance.
So, the position relative to the plane of regard is per-
ceived correctly, irrespective of ﬁxation direction, head
orientation or presence of binocular cues. By deﬁnition,
the plane of regard contains the interocular axis, the
axis connecting the two projection centers of the eyes.
The change in the eye elevation causes the plane of re-
gard to rotate around that axis, which is the only degree
of freedom of this plane. Objects outside the plane have
certain oﬀset in elevation with respect to the plane. Bin-
ocular localization relative to the plane of regard might
be a good starting point to judge other objects posi-
tions relative to the head. If the position of an object
is known relative to the plane, then we are only one
step away from the head centric representation. That
step involves the estimation of the orientation of the
plane of regard relative to the head. We already pointed
out that the orientation of the plane of regard depends
exclusively on eye elevation. To reconstruct the position
of the plane of regard, the eye elevation must be
known.
In principle, the information about eye elevation is
available from extra-retinal sources. To use the gaze an-
gle, orientation of the head relative to the shoulders and
the eye orientation in the head, eye elevation, must be
known (Gardner & Mon-Williams, 2001). Direction of
gaze is in general recognized as a very useful source of
information, for instance, to estimate distance (Ooi,
Wu, & He, 2001), especially where pictorial cues are
impoverished (Mon-Williams, McIntosh, & Milner,
2001). Gardner and Mon-Williams (2001) demonstrated
clear evidence that the visual system utilizes vertical gaze
angle as a distance cue. They perturbed the vertical gaze
angle without aﬀecting the retinal cues to distance to af-
fect judgment. Vertical gaze angle can also be used as a
distance cue for the programming of prehension or judg-
ing objects heights (Wraga & Proﬃtt, 2000). Informa-
tion on vertical gaze angle can be obtained from
eﬀerence copy and aﬀerent feedback (Adams et al.,
1996; Mon-Williams & Tresilian, 1999).
Thus, these studies of vertical gaze implicate that the
information about eye elevation is available. Similarly,
slant studies also demonstrate the use of vertical eye
position information that is coming from extra-retinal
sources such as the sensed eye position (James et al.,
2001) to make judgments.
In summary, we found that people perceive the eleva-
tion of objects relative to the plane of regard correctly
irrespective of eye or head orientation, which is an indi-
cation of a compensation for eye torsion associated with
the current eye orientation (actual torsion). However,
the position of probes relative to the midsagittal or the
transverse plane, both true head-ﬁxed planes, was mis-
judged. The subjects seemed unable to compensate for
eye torsion when judging position of objects that do
496 E. Poljac et al. / Vision Research 45 (2005) 485–496not contain the lines of sight. With regard to the plane of
regard we conclude that this plane is a good starting
point to represent the position of visual stimuli in head
centric coordinates.References
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